Abstract-High-quality infrared focal plane arrays (FPAs) are used in many satellite, astronomical, and terrestrial applications. These applications require highly-sensitive, lownoise FPAs, and therefore do not benefit from advances made in low-cost thermal imagers where reducing cost and enabling high-temperature operation drive device development. Infrared detectors used in FPAs have been made for decades from alloys of mercury cadmium telluride (MCT). These infrared detectors are nearing the believed limit of their performance. This limit, known in the infrared detector community as Rule 07, dictates the dark current floor for MCT detectors, in their traditional architecture, for a given temperature and cutoff wavelength. To overcome the bounds imposed by Rule 07, many groups are working on detector compounds other than MCT. We focus on detectors employing III-V-based gallium-free InAsSb superlattice active regions while also changing the basic architecture of the pixel to improve signal-to-noise.
Our architecture relies on a resonant, metallic, subwavelength nanoantenna patterned on the absorber surface, in combination with a Fabry-Pérot cavity, to couple the incoming radiation into tightly confined modes near the nanoantenna. This confinement of the incident energy in a thin layer allows us to greatly reduce the volume of the absorbing layer to a fraction of the free-space wavelength, yielding a corresponding reduction in dark current from spontaneously generated electron-hole pairs in the absorber material. This architecture is detector material agnostic and could be applied to MCT detector structures as well, although we focus on using superlattice antimonide-based detector materials. This detector concept has been applied to both mid-wave (3-5 μm) and longwave (8-12 μm) infrared detectors and absorbers. Here we examine long-wave devices, as these detectors currently have a larger gap between desired device performance and that of currently existing detectors. The measured structures show an external quantum efficiency exceeding 50%.
We present a comparison of the modeled and measured photoresponse of these detectors and compare these detectors to currently available commercial detectors using relevant metrics such as external quantum efficiency. We also discuss modeling of crosstalk between adjacent pixels and its influence on the potential for a dual-wavelength detector. Finally, we evaluate potential advances in these detectors that may occur in the near future. 
INTRODUCTION
Improved sensitivity in infrared (IR) photodetectors is an integral part of future satellite-and terrestrial-based systems. Current state-of-the-art systems employ mercury cadmium telluride (MCT) as the active material for light sensing. However, current trends in MCT-based detector performance suggest that they may be approaching their signal-to-noise limits [1, 2] . For future devices, methods for surmounting these restrictions on sensitivity must be achieved. Use of alternative detector materials is one path towards achieving this, with type-II superlattice (T2SL) materials being among the most capable competitors. Theoretical predictions of the ideal performance enabled through use of T2SL detectors have suggested that these could have lower noise than MCT devices [3, 4] . However, at present, T2SL detectors have been unable to attain this performance because minority carrier lifetimes in these materials are reduced by the large number of defects acting as generation-recombination centers. As such, we examine additional methods for improvement of these detectors through integration of resonant metallic nanostructures on the surface of the active materials as a means of enhancing device sensitivity. These nanoresonators allow for thinning of the active region of the detector thereby reducing detector volume and the noise arising from the detector dark current. Assuming a constant device area, the dark current density in a detector dominated by diffusion current is given by [5, 6] ∝
where W is the detector thickness. In this manuscript, we discuss the mechanisms of nanoantenna-enhanced detection and elaborate on the potential new applications of such devices.
TYPE-II SUPERLATTICE ABSORBERS
The type-II superlattice absorbers used in this work are composed of alternating layers of several nanometer thick InAs and InAs1-xSbx. Through variation of the thickness each of these layers, as well as the composition of the InAs1-xSbx layer, the bandgap of the absorber can be controlled and shifted through much of the mid-and long-wave IR spectrum [7] . For theoretical T2SLs with very low defect densities, Auger recombination may limit the lifetime of photoinduced carriers. However, lifetimes in many T2SL materials have been severely limited by Shockley-Reed-Hall (SRH) recombination and a dramatic reduction in minority carrier lifetime [4] . Recent improvements in fabrication have yielded improved lifetimes in T2SLs prompting increased interest in these materials as an alternative to MCT [8, 9] .
In this work, we focus on structures employing a T2SL with a bandgap of 11.8 μm as measured by the photoluminescence data taken at 45 K and shown in Figure 1 . The bandgap is extracted from our data through fitting with an exponentially modified Gaussian distribution [10] with the bandgap being obtained from the peak of this fit. In order to reduce dark current and thereby improve the signal-to-noise ratio in the detector, we fabricate our structure with a thickness that is far below the free-space wavelength of light at which the detector is sensitive. The active region thickness is only 1.77 μm (about 15% of the free space wavelength), which ideally should yield a corresponding reduction in dark current noise as compared to a thicker detecting structure. However, as a result of this reduced thickness, the absorbing volume of the detector is small. Thus, it is important to modify the overall detector architecture to improve the detector responsivity. 
RESONANT ENHANCEMENT OF DETECTORS

Resonant structures for use with detectors
In combination with our thin detector, we simultaneously employ two resonant structures: a metallic structure on the top surface of the active region which is repeated periodically and the Fabry-Pérot cavity within the detection region itself.
Each of these structures serve to increase the field within the absorber and help to overcome the limitations imposed by use of a thin layer [11] . For a Fabry-Pérot cavity, the resonance frequency is defined by the thickness, t, of the cavity as [12] = ( 2 ) with n being the index of the material in the cavity and m being the mode order of the resonance. Given this, it is straightforward to calculate the resonance wavelength of the cavity mode. However, integration of a metallic nanostructure makes determination of the resonance more complicated and necessitates implementation of optical simulations prior to fabrication.
Perfect Absorbers and Resonant Detectors
As such, we have previously employed rigorous coupledwave analysis to compute the resonance wavelength of perfect absorbers created using metallic nanoantennas on T2SL absorbing surfaces in both the mid-and long-wave IR [13, 14] . These structures show near perfect absorption for similarly thin absorbing materials. For creation of absorbing structures, the nanoantenna serves two primary purposes: 1) Currents excited in the structure yield field confinement near the nanoantenna resulting in higher fields within the absorber layer, 2) The nanoantenna response is relatively polarization and angle insensitive allowing the perfect absorber to function over a broad range of incidence angles [15] . In designing detector structures, it is important to examine absorption not just in the entire structure, but in the active region itself. As such, we previously turned to COMSOL Multiphysics to simulate complete detector structures and extract absorption in the detector layer itself [16] .
In this work, we discuss structures like that shown in the inset of Figure 2 (a), which can be patterned using electron-beam lithography. The nanoantenna dimensions can vary, however the detector structure beneath the nanoantenna remains the same and is composed of cladding layers above and beneath the 1.77 μm absorber with a gold backplane below the bottom cladding layer as shown in Figure 2(b) . In our simulations we use measured optical properties of each layer, aside from the superlattice for which we use calculated values [16] . These calculations yield a T2SL absorption coefficient ranging from approximately 1000 cm -1 at 8 μm to less than 200 cm -1 at 11.5 μm. The results of COMSOL simulations on this structure are shown in Figure 2 (a) along with the nanoantenna dimensions. These results demonstrate the importance of using absorption in the active layer, rather than the entire structure, as a metric for detector design. While the entire device may appear to be a near-perfect absorber with 90% total peak absorption, only 55% of this absorption contributes to photogeneration in the active region. The remainder is lost to Ohmic heating in the gold nanoantenna and backplane, with 31% of this loss occurring in the nanoantenna. Further optimization of the structure could help to alleviate some of this lost energy through further focusing of the incident beam into the T2SL.
RESONANCE BROADENING
Supercell design
For a given nanoantenna structure and superlattice thickness, a manufactured detector or absorber will generally display one large absorption resonance that results from coupling of the nanoantenna and Fabry-Pérot resonances. In the case of the structure shown in Figure 2 (a), the full width at half maximum (FWHM) is ~1.1 μm. While narrowing of this resonance may be useful in some cases, it may also be beneficial to expand the sensitivity of a detector to a broader wavelength range. The metasurface we previously employed is composed of a single nanoantenna repeated with constant dimensions. However, by increasing the unit cell size and creating nanoantennas with variable dimensions on the same detector structure, it may be possible to dramatically increase the FWHM. To test this, we employ the structure shown in Figure 3 (a). This structure is similar to that shown in Figure  2 (a) but employs nanoantennas with variable inner square width, b, to take advantage of the resonances of each of these sub-structures. It is important to note that in creating a device with an asymmetric unit cell, the polarization insensitivity that existed in the original structures is no longer present. Unless otherwise noted, in simulations of the supercell structure, we examine the response to unpolarized light to more closely match measured data for which the light polarization may not be directed along one of the unit cell axes, as defined in Figure 3(a) . The simulated response of this structure is shown in Figure 3(b) . As mentioned previously, we examine both the total stack absorption as well as absorption in the superlattice layer itself. The general features of both these curves are similar with four peaks appearing through the 8-12 μm range. However, as was seen in the data in Figure 2(a) , the absorption in the superlattice is only a fraction of the total absorption, contributing on average ~ 65% of the total absorption within this range.
Measured supercell response
The optical response of our supercell structure was measured at 80 K to determine its external quantum efficiency (EQE).
The results of these measurements are shown in Figure 4 along with the simulated absorber absorption in the designed device. In general, the spectral response of the detector discussed here is relatively insensitive over a temperature range of 45-80 K, with only the absolute EQE varying. Both the simulated and measured curves indicate the presence of four resonant substructures as seen by the presence of four subpeaks. Implementation of such a supercell structure increases the FWHM of our detector response to ~1.9 μm, nearly twice that of devices with a single structure. Qualitatively, the results of the simulation are in good agreement with measured QE values, however several notable differences exist. First, the simulated absorber absorption is about 15% greater than the measured QE, indicating losses not taken into account in the simulations. These can arise from imperfect interfaces or alternatively, from the use of calculated, rather than measured, optical properties for the absorber. While previous studies have shown that • band structure calculations for semiconductor superlattices are relatively reliable, differences do exist and may contribute to this discrepancy as variability in both absorber index and absorption coefficient will modify device response [17, 18] . Specifically, deviation in the index of refraction can have a dramatic impact on the Fabry-Pérot response. A second difference between the measured and simulated response is seen in the differences in the wavelengths of the resonant peaks. Each peak in the simulations differs from measured values by several tenths of a micrometer. As mentioned above, one aspect of this may be from a shift in the Fabry-Pérot resonance due to the value of the calculated absorber index as compared to the measured index.
Subcell coupling
To examine the nature of coupling between the subcells of our supercell structure, we can first examine the relationship between the simulated total absorption for each individual structure, as compared to the supercell device, as seen in Figure 5 (a). First, each uniform structure (fixed inner square width, b, across the array) shows a total absorption near 90%. In contrast, the four peaks in the supercell display varying absorption strengths ranging from 55-98%. Secondly, the location of the four peaks in the supercell structure differ from those in the uniform structures. These two factors together indicate the importance of coupling between the adjacent cells in determining the final response, and also exemplify the necessity of simulations for design of these structures prior to fabrication, owing to the difficulty of predicting the ultimate device response.
This coupling is further evident in maps of the electric field at each of the peaks in our supercell response. In Figures 5(b) and 5(c), we show the magnitude of the electric field 100 nm beneath the top of the superlattice for a simulation with light polarized along the x-axis of the supercell, as defined in Figure 3 (a), for wavelengths of 9 μm and 10.5 μm. Clear field enhancement from the metal nanostructures can be observed in multiple subcells with field strengths three times that of the incident field strength.
MULTISPECTRAL DETECTION
Utilizing our resonant structure, it is possible to design a detector for which adjacent pixels provide sensitivity to different wavelengths. Such a detector was simulated using the same detector stack described above, with variation of only the nanoantenna structure. A schematic of this structure is shown in Figure 6 (b) with the simulated response of the entire detector shown in 6(a). This simulated response has two primary resonances at 8 and 9.6 μm corresponding to subpixels P1 and P2 respectively. Through independent readout of the response of each of these pixels, it would be possible to obtain the photoresponse at each of these wavelengths. Further work remains to be done in optimization of such superpixel structures to both improve the sensitivity of each subpixel, as well as to decouple the pixels. Cross-talk between the pixels is seen in the electric field maps in Figures 6(c) and 6(d). While field enhancement is primarily seen in the desired pixel, interaction between adjacent regions causes response in both subpixels, a characteristic which may be alleviated in future devices.
CONCLUSION
The results described in this work demonstrate the usefulness of T2SL-based detectors for future detector applications. Integration of resonant structures enables significant improvement in device quantum efficiency while yielding both narrow and broadband sensitivity through design of metallic metasurfaces. While the quantum efficiency shown here still lags behind that of existing MCT detectors, future advances of both T2SL fabrication and metasurface design can help to narrow the gap between these two capable detector materials. The ability to design a two color detector that can simultaneously sense multiple wavelengths has significant potential for a range of exciting applications, including that of space and terrestrial based infrared sensors.
